Profound changes in concentrations of phytoplankton biomass and rates of primary production in warm-core Gulf Stream rings can occur, apparently in response to nutrient enrichment, within a few months after a ring separates from the Gulf Stream.
Meanders of the Gulf Stream regularly contribute to the formation of cold-and warm-core eddies, or rings, in the northwest Atlantic Ocean (Robinson 1983) . Cold-core rings occur in the Sargasso Sea and contain central masses that are of Slope Water origin, whereas warm-core rings occur in the Slope Water and contain central masses that are of Sargasso Sea origin. Both are surrounded by a high velocity region (HVR) which consists of remnants of the Gulf Stream. In old cold-core rings the surface thermal contrast between the ring and the surrounding water can be lost as the surface waters of the ring warm. However, for warmcore rings strong thermal contrast usually persists until the ring is reabsorbed by the Gulf Stream, some months after formation. The ease with which warm-core rings can be tracked with satellite infrared imagery during their migration southwest through the Slope Water region is a feature that facilitates the use of these mesoscale eddies in the study of plankton nutrition (Joyce and Wiebe 1983) .
For cold-core rings the evolution of several biological properties, particularly zooplankton abundance, has been well documented in recent years (Ring Group 198 1) . The pattern that emerges is for young rings to have features that resemble the Slope Water, while old rings more closely resemble the Sargasso Sea. It can by hypothesized that the observed transition to a more oligotrophic condition with time in the core of a cold-core ring is related to the availability of nutrients for primary production. If this is correct, then, for reasons that are not well understood, the degree of nutrient limitation must increase with time until the central region of the aging cold-core ring resembles the typical conditions of the western or northern Sargasso Sea. In general this progressive change in biological properties has been presumed to occur relatively smoothly, since cold-core rings of intermediate age have been observed to be intermediate in character. This generalization holds for the biomass and species composition of phytoplankton and zooplankton, and for primary productivity (Wiebe et al. 1976; Ring Group 198 1) .
Before the Warm-Core Ring Program there were no comparable data for transitions in biological properties and processes within warm-core rings. There was some warm-core rings of several months age could contain phytoplankton concentrations well in excess of typical values for the Sargasso Sea (Gordon et al. 1982) .
A primary goal of the present study was to quantitatively relate the responses of plankton to nutrient availability within a warm-core ring. At the onset we hypothesized that the nutrient properties in the cores of warm-core Gulf Stream rings would change gradually from those of the initial source water to a state more similar to that of the surrounding water as the ring aged. In addition, from our initial notions regarding the integrity of warm-core rings, we hypothesized that vertical rather than horizontal fluxes would dominate in the supply of nutrients to the mixed layers of these eddies.
In July 1979 we made observations and conducted experiments in the northern Sargasso Sea and near the center of Ring 79-E (the fifth warm-core ring formed in 1979) between 6 and 8 days after it detached from the Gulf Stream. This ring was about 175 km in diameter and its center was located at about 39"N, 64"W. It moved southwest along the contour of the shelf break until it was reabsorbed by the Gulf Stream sometime after January 1980. This study provided the first opportunity to compare the nutritional state of plankton in a newly formed ring with that of the plankton in the source waters of the northern Sargasso Sea. We were particularly interested in determining whether there was any evidence that the process of ring formation altered the vertical structure of nutrient distribution in and immediately below the mixed layer.
In September and October 198 1, during the first cruises of the Warm-Core Ring Program, we studied phytoplankton nutrition in Ring 8 1-D (the fourth warm-core ring formed in 198 1) in greater detail than had previously been possible for any other warmcore ring. This ring was about 3 months old, and when the study began it was about 240 km in diameter with its center near 40°N, 64"W.
Our results for nitrogenous nutrient utilization by the plankton in these two rings permit us to compare the conditions in rings of about 1 week and 3 months of age. These two rings were formed at nearly the same time of the year, and their positions were similar (within lo) when our studies were made. Moreover, the study of Ring 8 1-D provided an opportunity to observe the effects of a storm and possibly those of a lateral intrusion.
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Methods
Ring 79-E was sampled during a cruise to the Sargasso Sea and Slope Water in June and July 1979 aboard the G. W. Pierce. Data from two stations are presented: first for the northern Sargasso Sea on 8 July, and second for a near-center position in Ring 79-E on 11 and 12 July (Table 1) . On 10 July the coordinates for this ring, as determined from NOAA Advanced Very High Resolution Radiometer data for sea surface temperature, were communicated to the ship by radio, and subsequent analyses of satellite infrared imagery confirmed that our station position was very near the geometric center of Ring 79-E (Fig. 1A) . The Sargasso Sea station was about 60 km south of the Gulf Stream, and from satellite infrared imagery it was determined that this station was not in the vicinity of any cold-core rings. Because of an electronic problem with the XBT recorder, our temperature profiles were limited to the 240-m range of a mechanical BT. Twice on each day, at first light and again at noon, samples from Niskin bottle casts to the depths reached by 60, 22, and 5% of incident irradiation at sea surface were used to determine nutrient and biomass content and the rates of N uptake and inorganic carbon fixation. Samples from each depth were also analyzed for chlorophyll a (Strickland and Parsons 1972) (Joyce et al. 1984 ) and before and after the passage of a gale (28-30 September 198 1) with sustained 65 km h-l winds. Midway through the study a station was made in the high velocity region (HVR) on the northern perimeter of the ring, and, after the ring stations were completed, a station was made in the Slope Water west of the ring. Descriptions of the physical properties of the ring during this period (Joyce et al. 1984) will be drawn upon for general remarks relating to the hydrographic features. Twice each day samples from Niskin Go-F10 bottle casts to the depths of 100, 60, 36, 22, 8, and 3% of sea-surface incident irradiation were used to determine rates of N03-, NH4+, and urea uptake. Particulate nitrogen (PN) and carbon (PC) concentrations were also measured in these samples with a Perkin-Elmer elemental analyzer (model 240B). These data will be referred to as euphotic zone data, even though the nominal depth of the euphotic zone is usually taken as the 1% light depth.
Incubations for carbon fixation and N uptake rate measurements were conducted in 0.25 and 2.75-liter polycarbonate bottles respectively. The samples were incubated on deck in clear acrylic tanks supplied with flowing near-surface seawater. Neutral density screens simulated the light level from which samples were collected. Nitex mesh of 153-pm aperture was used to screen out large zooplankton when the bottles were filled. For Ring 79-E, samples were analyzed for NH4+, urea, and NO3 - (Strickland and Parsons 1972; McCarthy et al. 1977) . Procedures were similar for Ring 8 1 -D except that N03-was analyzed with an automated system (Fox et al. 1983 ). For Ring 79-E carbon fixation rates were measured by the incorporation of 14C-labeled bicarbonate (added as a sterile and particle free stock), using liquid scintillation counting with channels ratio correction for quench. For Ring 8 l-D, chlorophyll a concentrations and primary productivity rates were measured by Hitchcock et al. (unpubl.) .
For all N uptake experiments nutrient stocks enriched with 15N (99 atom%) were added at about the level of 10% ambient nutrient whenever possible, with a minimum addition of 0.03 pmol kg-I. This is the concentration that has been established as the limit of detection for the NH4+ and urea methods that we use. In addition, experiments were run to determine the response to saturating additions of NH,+ ( 10 pm01 kg-') so that the ratio of uptake at nutrient saturation to uptake at near-ambient concentration (Sat/Trace) could be determined (Glibert and McCarthy 1984) . Incubations of 3-4-h duration were ended by filtration through Reeve Angel 984H or Whatman GF/F filters with vacuum that did not exceed 10 cm of Hg. The filters were rinsed with 50 ml of filtered seawater, and, as suggested by Goldman and Dennett (1984) care was taken to rinse filters before they were exposed to air for more than a few seconds. Samples of filtrate from 15N-enriched NH,+ incubations were analyzed for isotope dilution of the initial enrichment as a measure of ammonium remineralization occurring during the incubation (Glibert 1982) . 15N enrichment in the particulate material and dissolved NH,+ were analyzed by mass spectrometry using a system described by Nevins and McCarthy (1982) . A Nuclide MEC-4 electronics con-trol unit and an EAH-300 electrometer have been fitted to an AEI MS-10 analyzer head with triode ion pumping. The mass spectrometer signal is processed by a Data ACquistion Systems converter (model 5 A/D) in conjunction with an Apple II+ computer. Precision is markedly improved relative to the original AEI electronics with analog output. We routinely obtain a precision of 20.003 atom% for samples as small as 14 pg N, and +O.OO 1 for samples >42 pg N.
Nitrogen uptake rates are reported as p, the nutrient transport rate defined by Dugdale and Goering ( 1967) . The calculation of DH4+ uses the approach of Glibert et al. (1982a) with the refinements described by Garside and Glibert (1984) . Laws (1984) has raised questions regarding the suitability of this approach, and these issues have been addressed by Glibert et al. (198 5) .
As is often the case for near-surface samples in oceanic regions, many of the nutrient concentrations were below the analytical limits of detection (0.03 pmol kg-'). Under such circumstances, a true tracer experiment cannot be conducted, and the uncertainty in our estimates for rates of uptake can be as high as a factor of two. This upper limit is reduced considerably with the approach specified above for calculating pNH,+ . When nutrient concentrations are above the limits of detection the accuracy of our uptake rate measurements is &5% (McCarthy et al. 1977) .
Results
Data for several properties of the mixed layer and euphotic zone at our stations in the northern Sargasso Sea, Ring 79-E center, Ring 8 1-D center, Ring 8 1 -D HVR, and Slope Water west of Ring 8 1 -D are given in Table 2 .
Hydrographic data are not available to rigorously test the hypothesis that Ring 79-E was of Sargasso Sea origin. However, the mechanical BT traces for the northern Sargasso Sea and Ring 79-E stations were virtually identical for the mixed layer and the upper region of the thermostad (the deep isothermal layer: Seitz 1967) . Eighteen degree water was evident in the region between 120 and 245 m (the deepest that we sam- There is considerable similarity between the Sargasso Sea and Ring 79-E stations for the properties that we measured in the mixed layer (Table 2) . Both stations resemble general conditions that we have previously observed for the northern Sargasso Sea in summer. In addition to the similarity in mixed-layer chlorophyll a concentrations, chlorophyll a maxima were evident in the 75-100-m depth strata of the seasonal thermocline at both stations.
For both the Sargasso Sea and Ring 79-E, concentrations were at the limit of detection for nitrate, ammonium, and urea in the mixed layer, and the nitrate concentration increased sharply with depth in the seasonal thermocline. The shape of the nitracline in the uppermost region of the seasonal thermocline in Ring 79-E was similar to that observed at other oceanic stations that we have studied in both the Sargasso and Caribbean Seas, although the value of 0.09 pmol kg-I m-l calculated for the nitrate gradient (Table 2) is on the upper end of the range we have observed at these other oceanic stations (0.02-0.09 pmol kg-l m-' ; unpubl. data). The value for this gradient and the finding that nitrate concentrations in the mixed layer were below the limits of detection suggest that the process of meander closure and isolation of the core region from the surrounding Slope Water did not lead to enhanced upward advection of nitrate from reserves lying below the seasonal thermocline.
The conditions observed in Ring 8 1 -D, about 3 months after formation, were in marked contrast to those typically found in the northern Sargasso Sea. This ring had much higher chlorophyll a concentrations than the Sargasso Sea, Ring 79-B (Gordon et al. 1982) , or 79-E. During the course of our study, properties of the mixed layer at ring center changed. Between 23 and 26
September the density structure became more uniform in the upper 25 m, and the mixed-layer depth shoaled (Fig. 2) . Fluctuations in salinity observed near ring center probably indicated that water was advected inward from the surrounding Slope Water (Joyce et al. 1984) . Apparently in response to the gale, the mixed layer then cooled and deepened before we occupied the 2 October ring center station. Over this period, the average mixed-layer chlorophyll a concentration increased by about a factor of two, from about 0.2 to 0.8 ,ug liter-' (Hitchcock et al. unpubl.) . Throughout the study the phytoplankton assemblage was dominated by cells that passed a 20-pm mesh. Coincident with the deepening and cooling of the mixed layer between 26 September and 2 October, nitrate concentrations in the mixed layer increased from undetectable to 0.2-0.4 pmol kg-' (Fox et al. 1983) . The nitrate data from casts made on 23 September before the storm do not have sufficient detail at the base of the mixed layer to calculate a nitrate gradient, but on 26 September and 2 October the gradients were at least three times greater than values typical of oligotrophic oceanic regions (Table 2).
The mixed layer of the one station that we have in the HVR contained less chlorophyll a than those near the center of the ring ( Table 2 ). The chlorophyll a in the Slope Water station, on the other hand, was more similar to that near ring center before the storm. The nitrate gradient for the HVR station resembled that for the ring, whereas that for the Slope Water was intermediate between the values for the Sargasso Sea and ring center ( Table 2 ).
The ratio of PN (pmol kg-') to Chl a (pg liter-l) is useful in assessing the component of particulate nitrogen that can be attributed to phytoplankton.
In laboratory cultures of marine phytoplankton and in field studies of bloom conditions this ratio is often near unity (McCarthy et al. 1977) . The values for this ratio at the northern Sargasso Sea and Ring 79-E stations range from about 5 to 8 (Table 2 ), similar to those from our other studies of oligotrophic regions of the Sargasso and Caribbean Seas (unpubl. data). Such high ratios are considered to be indicative of a dominance of the PN pool by nonphytoplankton PN, or detritus. The ratio of PN to Chl a in Ring 8 1 -D ranged from about 1 to 3, indicating a much larger relative contribution of phytoplankton material to the PN pool. The HVR station was intermediate, while the Slope Water more closely resembled the ring center region.
Averaged daytime values for N and C elemental composition and N uptake rates for the Ring 8 1 -D study are presented in Table  3 . (For stations near ring center on 26 September and in the HVR on 27 September the focus of our efforts shifted to other studies and NH,-1 and urea uptake experiments were not conducted.) As illustrated in Fig.  3 , N uptake rates increased dramatically at ring center over the course of the study. The pNH,+ Sat : Trace ratios are similar for both ring-center stations and lower at the Slope Water station (Table 3) . Given the high dependence on N03-at ring center, these Sat : Trace ratios should not be taken as evidence for N limitation.
Summaries of the integrated mixed-layer primary production and N uptake data are presented in Table 4 . For the three Ring 8 1 -D center stations, the integrated values for N03-uptake increased from 28 to 195 ,umol m-2 h-l. If the integrated N uptake values are used, the fraction of total N uptake due to N03-increased correspondingly from 32 to 52%. On the other hand, ratios of pNO,-: Total pN ranged from 12 to 13% for the Sargasso Sea and Ring 79-E stations. and the northern Sargasso Sea were similar to each other and not unlike values reported elsewhere for oceanic waters. Near the center of Ring 8 1 -D the rates varied during the IO-day period of our observations, but on the average they were substantially greater than those typical of oligotrophic waters. To some degree the variability near ring center can be attributed to variations in photosynthetically active radiation (PAR), which was 3.5 times greater on 2 October than on 23 September (Hitchcock et al. unpubl.) . Even with high values for PAR on the days of the HVR and Slope Water stations, the rates of primary production measured in these regions were less than half those on 26 September and 2 October near ring center. Estimates of specific growth rates were also proportionally less for the HVR and Slope Water stations (Hitchcock et al. unpubl.) . Growth rates for the phytoplankton near ring center show a sixfold increase over the course of the study.
The particulate nitrogen content of the mixed layer was variable at the center of Ring 8 1-D (Table 3 ). The C : N ratio was less variable and showed no consistent trend. The integrated C : N uptake ratios (Table 4) for the Sargasso Sea, the 23 September sampling of Ring 8 1 -D center, and the Slope Water are typical values for healthy populations. However, the C : N uptake ratio of 23 for the 2 October sampling of Ring 8 1 -D center was surprisingly high.
Discussion
In spite of what would seem to be a large data base for plankton biomass and productivity in the Slope Water region off New England, few of the data that were reported for these waters before the initiation of the Warm-Core Ring Program can be positively associated with rings. One instance is the study of Ring 79-B in June 1979 by Gordon et al. (1982) , between 2 and 3 months after this ring had separated from the Gulf Stream. From both the CZCS-estimated chlorophyll and a shipboard observation in the ring, they determined that the core of this ring had a chlorophyll content that was similar to that of the Sargasso Sea and much less than that of the surrounding Slope Water. However, at the same time, Ring 79-D, which was younger and farther east, apparently had a chlorophyll content that was more like that of the Slope Water. From our data for Ring 8 1-D and subsequent studies of other warm-core rings, we believe that an increase in the concentration of biomass in shallow mixed layers is a common feature of warm-core rings as they age. The intensity of this effect appears to be related to the time of year when the ring is formed and the manner in which it stratifies.
An increase in biomass within the core of a ring could result from horizontal advection of organisms across the ring boundary, reduced loss terms (grazing and sinking), or increased rates of production in the euphotic zone of the ring. From our more recent studies in Ring 82-B, it is apparent that within the mixed layer, exchange of water can occur between the core region of the ring and the surrounding Slope or Shelf Water (T. Joyce pers. comm.). Several investigators in the Warm-Core Ring Program are pursuing questions related to the issue of in situ production vs. the horizontal advection of biomass across ring boundaries (cf. Olson and Backus 1985; Nelson et al. 1985) . Although this question is not settled, it does not appear that horizontal processes had an overwhelming influence on the character of the biomass in the rings we have studied.
If an increase in productivity is the underlying process that is responsible for ?he increase in biomass, and if this is a common characteristic of aging warm-core rings, how does it occur? The source waters for the ring core, the NW Sargasso Sea, are generally considered to be nutrient limited, and under these conditions the phytoplankton are highly dependent on N recycled within the euphotic zone. If the mixed layer remains shallower than the critical depth, and if herbivorous consumption and other phytoplankton loss terms do not increase correspondingly, then a relaxation of the constraint of nutrient limitation could lead to a stimulation of primary production and a corresponding increase in phytoplankton biomass.
We propose that the increased rate of primary production within the core of aging warm-core rings arises as a result of an increase in the rate of vertical N03-influx into the euphotic zone. Our data from the Sargasso Sea and newly formed Ring 79-E show that the NO,--based portion of the primary production was 12-l 3% of the total, which is higher than some of the values reported for oligotrophic waters in the Central Pacific Gyre (Eppley and Peterson 1979) . Our values for the older ring, Ring 8 1 -D, before and after the storm were 32 and 52%.
Such high values of total N uptake attributed to N03-are unusual in other than eutrophic upwelling regions and the Scotia Sea (Olson 1980; Glibert et al. 19823) . Eppley et al. (1979) have demonstrated a clear relationship between NO,--based, or new production, and total production for oceanic waters. In Ring 8 l-D, however, an increase in NO,--based production appears to have also stimulated heterotrophic activity, in that uptake rates for NH4+ and urea also increased (Fig. 3) , presumably in response to increased availability of these substrates. Bacterial biomass in the upper 40 m did increase from 130 to 215 mg C mm2 during this period (H. Ducklow pers. comm.). There was no apparent accumulation of NH4+ or urea in the mixed layer during our observations in Ring 8 1 -D.
If the physiological processes leading to the synthesis of new cellular material were in balance during the course of our experiments, then assimilation ratios would resemble those for cellular composition. An average C : N composition for plankton is about 6.6 (atomic) (Redfield 1958) . It is apparent, however, that this ratio only applies for populations that are not nutrient limited and are growing at or near their maximum rates for cellular doubling (Goldman et al. 1979) . With N limitation the C : N ratio increases by a factor of two or three. Given the approximations that are involved in these computations, errors of 10 or 20% might be expected, but the apparent underestimation of N uptake or overestimation of carbon fixation on 2 October is difficult to reconcile. It is possible that following the period of low PAR before 2 October, the phytoplankton responded to higher levels of incident irradiation on 2 October by fixing carbon at rates that yielded high C : N ratios for uptake. During this study, scheduling constraints prevented us from doing a night series of uptake measurements comparable to those at first light and midday. Consequently, our estimates of daily rates for N uptake are based on the assumption that the average of hourly rates measured during the light day can be converted to a daily rate by a multiple of 24. On later cruises we usually found no systematic difference between day and night uptake, either in the total uptake or in its partitioning among the different forms of N.
A source of N03-at the base of the mixed layer can lead to apparent vertical imbalances in C: N incorporation ratios (C: N uptake ratios higher than cellular composition near the surface or lower near the base of the mixed layer). Although the mixing processes can average this out over the lifetime of a phytoplankton cell, the artificial confinement of these populations in bottles at fixed light and nutrient regimes during our incubations may result in the appearance of exaggerated imbalances in these rates. For this reason, we have used average values for the entire mixed layer in our interstation comparisons for C : N uptake ratios.
For similar reasons our calculations for integrated values of pNO,-(as in Table 3 ) extend only to the base of the mixed layer, even for stations where the euphotic zone, and our sample depths, extended into the seasonal thermocline. Phytoplankton cells at low light levels within a nitracline below the mixed layer can, by virtue of their high rates of N03-uptake and low rates of photosynthesis, exhibit extremely low C : N uptake ratios. Under some circumstances these cells may be mixed, or if motile may migrate, back into the mixed layer, which would presumably afford them the opportunity to fix inorganic carbon at a greater rate in order to balance cellular composition. However, some portion of these populations will not be returned to the upper portion of the mixed layer as a result of consumption by grazers, scenescence, or sinking to even greater depths.
Storm-induced deepening of the thermocline is a likely mechanism for enhancing vertical nutrient flux across the seasonal thermocline, and N03-concentrations in the mixed layer of Ring 8 1 -D rose following the gale. The role of storms in facilitating the upward flux of nutrients may not be different in rings relative to the surrounding waters. It is possible that this effect of storms would be more evident in the trapped waters of the core region than in the unbounded adjacent waters. The effect of a storm with a swath width similar to or greater than the diameter of a ring might be evident within the ring for several days or longer. In the unbounded surrounding region of the Slope Water the consequence of enhanced vertical mixing would be more readily distributed over a larger area. Furthermore, if vertical gradients for N03-in the seasonal thermocline of rings are typically greater than those in the surrounding waters (as in the case of Ring 8 l-D, Table 2), the consequence of a given wind event in terms of N03-flux associated with mixing processes will be enhanced within the ring. Tranter et al. (1980) studied the evolution of warm-core eddies in an analogous situation, the East Australian Current @AC). There the nutrient-poor waters from the western South Pacific are transported southward across the EAC to give rise to warmcore eddies in the Tasman Sea. They found that although the core region waters were initially oligotrophic, with time the nutrient concentrations and biomass surpassed those in the surrounding waters of the Tasman Sea. From the trajectories of buoys in eddy F, they concluded that in situ rather than advective processes were responsible for increased rates of nutrient supply and biological activity within the core region and proposed that the movement of the eddy to a higher and colder latitude during the process of formation led to prolonged surface cooling and concomitant deep convective mixing. This resulted in an increased upward flux of nutrients and a corresponding increase in primary productivity in eddy F. Although a similar process may occur in Gulf Stream warm-core rings that overwinter or are formed during winter, it would not help explain the conditions that we observed in Ring 8 1-D since this ring was formed in summer and our studies were conducted in early fall. Satellite imagery for ocean color would be useful in analyzing the history of Ring 8 1-D before our study, to see if the increased biomass relative to source waters can be related to major storm events or interactions with surrounding waters. These data exist but are not yet available for analysis (0. Brown pers. comm.) In several regards the results of our studies have permitted us to reject initial hypotheses regarding the evolution of biological properties and processes in warm-core rings. One of the most notable examples is the realization that as these rings age, they do not undergo a smooth transition from one biological state to another the way coldcore rings apparently do (Joyce et al. 1984) . Although the mixed layer above the seasonal thermocline of waters in the northern Sargasso Sea, which serve as source waters for warm-core rings formed during summer months, is typically nutrient depleted, a disruption of the seasonal thermocline during the formation of a warm-core ring could result in an increased rate of N03-flux to the mixed layer. At least in the case of Ring 79-E, this does not seem to have happened either during closure of the meander at the time of ring formation or in the subsequent week. As Ring 8 1-D aged, the gradient of the nitracline just below the mixed layer increased, resulting in a facilitation of upward flux of N03-. The mechanism involved in altering the slope of the nitracline in this ring cannot be elucidated from these data alone. A general study of this phenomenon is in progress (Nelson et al. 1984) .
